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Studies are under way for the detection of potential genetic effects of atomic bomb radiation at
the DNA level in the children of survivors. In a pilot study, we have examined six minisatellites
and five microsatellites in DNA derived from 100 families including 124 children. We detected a
total of 28 mutations in three minisatellite loci. The mean mutation rates per locus per gamete in
the six minisatellite loci were 1.5% for 65 exposed gametes for which mean parental gonadal
dose was 1.9 Sv and 2.0% for 183 unexposed gametes. We detected four mutations in two
tetranucleotide repeat sequences but no mutations in three trinucleotide repeat sequences. The
mean mutation rate per locus per gamete was 0% for the exposed gametes and 0.5% for
the unexposed gametes in the five microsatellite loci. No significant differences in the mutation
rates between the exposed and the unexposed gametes were detected in these repetitive
sequences. Additional loci are being analyzed to increase the power of our study to observe a
significant difference in the mutation rates at the 0.05 level of significance. Environ Health
Perspect 104(Suppl 3):51 1-519 (1996)
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Introduction
Extensive studies of the children of
survivors of the atomic bombings in
Hiroshima and Nagasaki have thus far
yielded no statistically significant increases
in genetic effects compared to a control
population (1-8). Recently, the feasibility
ofdetecting radiation-induced mutations
at the DNA level has been explored
(9-11). As samples for further screening,
we have established cell lines from the
peripheral B lymphocytes ofover 800 fam-
ilies composed of father-mother-child
trios. In half of the families, one or both
parents were exposed to A-bomb radiation
of more than 0.01 Sv (gonadal dose),
whereas the other halfis composed ofcon-
trol families in which parents were not
exposed orexposed to less than 0.01 Sv.
DNA sequence analysis can detect both
nudeotide substitutions and insertion/dele-
tion/rearrangement (I/D/R) mutations.
However, its efficiency is too low consider-
ing that 1.2 x 1010 nucleotides must be
examined not only for the children ofthe
exposed parents but also for the control
children in order to detect a significant
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difference in the mutation rates between
the two groups ofchildren (11). On the
other hand, a single scanning technique
capable ofdetecting a sequence difference
in a fragment ofhundreds ofnucleotides is
able to detect only one ofthe two types of
mutations. Therefore, we have introduced
and modified two types ofscanning tech-
niques for our studies, one for nucleotide-
substitution mutations and one for I/D/R
mutations. We have improved efficiencies
oftechniques such as the RNase A method
(12) and the modified denaturing gradient
gel electrophoresis (DGGE) method
(13,14). Although we confirmed that these
approaches were effective for detecting
nucleotide substitutions, small deletions,
and insertions, the efficiencies of these
techniques were still too low to study the
huge number of nucleotides estimated
necessary to detect significant differences
between the two groups ofchildren.
For the detection of the I/D/R muta-
tions believed to predominate among
radiation-induced mutations, we chose
two types of DNA as targets: repetitive
sequences, such as minisatellites and
microsatellites, and single copy sequences.
Minisatellites or VNTRs (variable number
of tandem repeats) (15,16) are dispersed
throughout the human genome and show a
strong tendency to cluster in telomeric
regions (17). Minisatellites consist of
short-sequence units iterated in tandem to
form arrays and show substantial allelic
variation in the number ofrepeat units. At
several minisatellite loci, extreme variabili-
ties were observed that were associated
with high mutation rates for new length
alleles in the germline (18). The mutation
rates at these minisatellites were measurable
by pedigree analysis using the standard
Southern blotting technique.
Microsatellites consist ofaround 10 to
50 copies ofmotifs from 2 to 6 nucleotides
long that can occur in perfect tandem repe-
tition, as imperfect repeats, or together
with another repeat type. They are highly
polymorphic in copy number and are ran-
domly distributed in human DNAs, and
they occur frequently. The aberrant expan-
sion of exonic trinucleotide repeats has
recently been found to result in several
genetic diseases such as fragile X syndrome
(FRAXA) (19-21), myotonic dystrophy
(DM) (22,23) and spinobulbar muscular
atrophy (SBMA) (24). Among normals,
triplet repeats such as CGG, CTG, and
CAG in fragile X mental retardation-1
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(FMR-1), DM, and androgen receptor
(AR) genes, respectively, which are causa-
tive for these diseases, are highly polymor-
phic in number. In patients, the triplet
repeats are expanded well above the normal
range. The numbers of repeats may differ
among affected members ofa given family
or even among the cells ofone individual
(25,26). This diversity in the repeat num-
ber is thought to be caused by the instabil-
ity of the triplet repeats in meiosis and
mitosis, but the mechanism of this aber-
rant expansion has yet to be discerned.
High spontaneous mutation rates in some
of the tetranucleotide repeats are also
reported (27,28). We have examined min-
isatellites and microsatellites to determine
whether atomic bomb radiation affected
the instability ofthese repetitive sequences.
For the detection of the I/D/R muta-
tions in single copy sequences, we have
introduced a new two-dimensional gel
electrophoresis (2-DE) approach termed
restriction landmark genome scanning,
reported by Hatada et al. (29). Without
using probes, this method provides over
2,000 DNA fragments (spots) from a gen-
omic DNA digest on a single gel. We use
Notl as one ofthree restriction enzymes to
digest the DNA, and the resulting NotI
sites, which are frequent in the unmethy-
lated CpG islands are labeled with 32p.
This strategy is thought to assure that a
high proportion ofvisualized fragments
originate from active genes (30). Because a
fresh mutation would usually be detected
in a heterozygote with one normal and one
mutated allele and only the normal allele
would be at the usual position, a quantita-
tive analysis searching for a 50% decrease
in spot intensity is required.
In this report we describe results
obtained in the pilot studies on minisatel-
lites and microsatellites. In addition, we
also describe the efficiency observed in a
preliminary study on the 2-DE technique
as a screen for mutations because the 2-DE
technique seems promising for the screen-
ing ofalarge number ofnucleotides, which
is our stated goal.
Materials and Methods
Families andDNASamples
We studied 50 exposed families and 50
control families. These 100 families are a
subsample ofapproximately 800 families
from Hiroshima and Nagasaki consisting
offather, mother, and all available children
from whom permanent cell lines have been
established by using Epstein-Barr virus
transformation ofperipheral B lymphocytes.
In these 800 families, all parents were
younger than 25 years ofage at the time of
the bombings. In each ofthe families, one
or both parents belong to the Adult Health
Study cohort that is monitored biennially
by our institution (31) and at least one of
the children has been examined for protein
mutations in a previous study on the chil-
dren ofthe atomic bomb survivors (4). In
400 families, termed the exposed group,
one or both parents received A-bomb radi-
ation ofmore than 0.01 Sv (gonadal dose).
For the integration of two types of radia-
tion released by the atomic bombs (pre-
dominantly gamma and a small neutron
component) into a single figure expressed
in Sv, we employed a value of 20 as the
relative biological effectiveness (5-8). The
other 400 are control families in which
one or both parents were exposed to less
than 0.01 Sv or were not in Hiroshima or
Nagasaki at the time ofthe bombing.
Table 1 summarizes the numbers of
children ofthe 100 families belonging to
the exposed and the control groups and the
numbers of gametes derived from the
exposed parents and the unexposed parents.
Among 65 exposed gametes, 33 were
maternally exposed and 32 were paternally
exposed, with mean doses for gametes being
1.7 Sv and 2.1 Sv, respectively. Among 63
unexposed gametes in the exposed group,
31 and 32 gametes were derived from
mother and father, respectively. Because
most of the children from the exposed
families in our study were born more than
10 years after the bombings, these children
are assumed to be derived from gametes
irradiated at the spermatogonial stage or
the oocyte stage.
DNA samples were extracted from
cell nuclei of the cell lines or peripheral
lymphocytes as previously described (32).
For screening purposes, DNA samples
Table 1. Summary ofthe 100 families examined in the pilc
extracted from the cell lines were used. A
portion ofeach ofthe samples was stored
separately for checking abnormal results.
For the confirmation ofmutations, DNAs
extracted from granulocytes or lym-
phocytes that had not been treated with
Epstein-Barr virus were used.
Minisatelfite Probes
We used five human minisatellite probes
(XTM-18, ChdTC-15, pXg3, XMS-1, and
CEB-1) and one mouse minisatellite probe
(Pc-1) for this study. Each probe detects a
single hypervariable minisatellite locus with
multiple-length alleles. The Pc-1 (33),
XTM-18 (34), and ChdTC-15 (35)
probes were kindly provided by Ryo
Kominami of Niigata University. Gilles
Vergnaud of Centre d'Etudes du Bouchet
provided the CEB-1 (36) probe, and Alec
J. Jeffreys of the University of Leicester
provided the XMS-1 (18). For detecting
alleles at the pXg3 locus, we used a DNA
fragment amplified by the method of
Jeffreys et al. (37).
SouthemBlotting
Samples ofDNA (5 pg) were digested with
Hinfl (New England Biolabs, Beverly,
MA) or AluI (Takara, Kyoto, Japan) and
electrophoresed on a 25-cm-long 1.0% aga-
rose gel (Agarose type I; Sigma Chemical,
St. Louis, MO). Separated DNA fragments
were transferred to BAS85 nitrocellulose
filters (Schleicher & Schnell, Dassel,
Germany). The filters to be hybridized
were used sequentially with all probes;
before reuse of the filters, the preceding
probe was removed by submerging the
filters in 20 mM NaOH for 15 min at
room temperature.
Each probe was labeled with a-32P-
dCTP (110 TBq/mmol, 370 MBq/ml) by
using the multiprime labeling system
(Amersham International, Amersham
Parental exposure
Number of Number of status ( 0.01 Sv; Number of gametes derived
Exposure group families children RBE=20) Exposed parents Unexposed parents
Exposed 50 64 Both parents 2 0
exposed (n=1)
One parent 63 63
exposeda(n=63)
Control 50 60 Neither parent 0 120
exposedb
Combined 100 124c 65 183
RBE, relative biological effectiveness. 'In families with only one exposed parent, the unexposed parent (exposed
to less than 0.01 Sv or was not in Hiroshima or Nagasaki at the time of the bombings) was included among
unexposed parents in this study. bParents in the control group were exposed to less than 0.01 Sv or were not in
Hiroshima or Nagasaki atthe time ofthe bombings. C62 females and 62 males.
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Place, U.K.). Hybridization was performed
as previously reported (38). Filters were
washed three times at 65°C in 0.5xSSC
(1 xSSC: 150 mM NaCl, 15 mM sodium
citrate) and exposed on Fuji X-ray film
(Fuji, Kanagawa, Japan) with a DuPont
Gronex HI-Plut intensifying screen
(Wilmington, DE).
MicrosaweliteAnalysis
Sequences induding the repeats were ampli-
fied by polymerase chain reaction (PCR)
and electrophoresis of the products was
carried out on a polyacrylamide sequence
gel. The repeat number in the products
was deduced from the lengths ofbands by
comparing with the Ml3 sequence ladder
and confirmed bysequence analysis.
For amplification ofthe sequences with
CTG repeats in the DMgenes, we used
primers 453 (sense) and 454 (antisense)
(primers are designated by numbers
assigned within our laboratory) whose
sequences are identical with those used by
Fu et al. (22). By using these primers, the
PCR product having a sequence with 5
CTG-repeats was 78-base pairs (bp) long.
The PCR reaction mixture, final volume
12.5 pI, contained 50 to 150 ng genomic
DNA; 0.3 unit Ampli-Taq DNA poly-
merase (Perkin-Elmer Cetus, Foster City,
CA); 200 1iM each deoxyribonucleoside
triphosphates (dNTP; dATP, dCTP, TTP,
and dGTP); 50 mM KCl; 1.5 mM MgCI2;
10 mM Tris-HCl (pH 8.3); 0.5 jiM each
primer, 0.01% gelatin; and 7.4x 104 Bq of
a-32P-dCTP. After denaturation of
genomic DNA by heating at 950C for 10
min, 25 cycles ofdenaturation at 950C for
30 sec, annealing at 630C for 90 sec, and
elongation of DNA at 720C for 60 sec
were performed in a programmable ther-
mal controller, PTC 100 (MJ Research,
Watertown, MA). The final elongation
step was prolonged for an additional 7
min. After the addition ofan equal volume
ofstop solution (86% formamide, 17 mM
ethylenediaminetetraacetate [EDTA],
0.04% bromphenol blue, 0.04% xylene
cyanol FF), the mixture was heated for 5
min in boiling water, cooled in ice water,
and immediately applied to a 6% polyacryl-
amide gel containing 7 M urea. Electro-
phoresis was carried out for 18 hr and
autoradiography was performed in the same
manner as that for the Southern filters,
except a Fuji Green Emitting Intensifying
Screen (Fuji Photofilm, Tokyo, Japan) was
used instead ofa DuPont Screen.
We used primer 443, 5'-TCCA-
GAATCTGTTCCAGAGCGTGC-3'
(sense), which is identical to one of the
primers used by La Spada et al. (24), and
primer 446, 5'-CAGGACCAGGTAGC-
CTGTGG-3' (antisense) for amplification
ofthe sequences with CAG repeats in the
AR genes. By using this primer set, an
amplified sequence with 16 CAG triplets
was 245-bp long. Except for the primers,
the reaction mixture and the conditions for
the PCR amplification were identical with
those used for the DMgene.
For amplification ofthe sequences with
CGG repeats in the FMR-1 genes, we used
449 and 452 primers whose sequences are
5'-GCGCTCAGCTCCGTTTCG-3'
(sense) and 5'-TCCTCCATCTTCTCT
TCAGCC-3' (antisense), respectively,
which are slightly different from those of
Kremer et al. (39). By using this primer
set, an amplified sequence with 16 CGG
repeats was 248-bp long. In the reaction
mixture, 7-deaza-2'-deoxyguanosine 5'-
triphosphate (7-deaza-2'-dGTP) was used
instead ofdGTP and 10% dimethyl sulfox-
ide (DMSO) was added. In the PCR, the
temperature cycle number was increased to
27 and the annealing temperature was
decreased to 550C.
For amplification of the sequences
composed ofdifferent numbers of CCTT
repeats and CTTT repeats, which we
describe as CCTT/CTTT repeats, in the
macrophage colony-stimulating factor 1
receptor (CSF1R) genes, hemi-nested PCR
was performed following the method of
Hastbacka et al. (27). The three primers
463, 464, and 465 have identical sequences
with primers used by these investigators. A
first PCR was performed with primers 463
and 464 using a reaction mixture identical
to that used for the DMgene, but without
a-32P-labeled dCTP, for 27 cycles in the
Iwaki thermal sequencer TSR 300 (Iwaki
Glass, Tokyo, Japan). The cycling condi-
tions were: 95°C for 75 sec, 660C for 160
sec, and 720C for 100 sec followed by a
final 400 sec extension step at 720C. Using
1 pl ofthe amplification product from the
first PCR reaction mixture as template, a
second PCR was performed in a thermal
controller (MJ Research) in a final reaction
mixture of 10 pl using primers 463 and
465. The concentration ofeach material in
the reaction mixture was identical with
that used for the DMgene amplification.
We found that some individuals had a
107 bp sequence with 4 CTTT repeats but
no CCTT repeats or a 1 1 1 bp sequence
with 5 CTTT repeats and no CCTT
repeats. These short sequences could not be
effectively amplified under the conditions
optimal for amplification ofthe sequences
longer than 194 bp containing CCTT/
CTTT repeats. Thus, we made two 10-pI
reaction mixtures using two 1-pl aliquots
from a single first PCR reaction mixture,
and these were employed in the second
PCR under different conditions. For
longer sequences, the cycling conditions
after 5 min at 95°C were 26 cycles: 95°C
for 35 sec and 71°C for 150 sec followed
by a final 7-min extension step at 720C.
Electrophoresis was carried out for 18 to
20 hr. For short sequences, after 10 min at
950C, the cycling conditions for 28 cycles
were 95°C for 35 sec, 68°C for 120 sec,
and 720C for 70 sec, followed by a final
7-min extension step at 720C. Electro-
phoresis was carried out until the xylene
cyanol-band moved to the position of
39 cm from the origin.
Primers 468 and 469, identical to those
used by Hastbacka et al. (27), were used
for amplification of sequences including
TAGA repeats in the CSFlR gene. By
using this primer set, an amplified sequence
with 16 TAGA repeats was 192-bp long.
After 10 min at 950C, the cycling condi-
tions (26 cycles) were 950C for 35 sec,
670C for 60 sec, and 72°C for 30 sec, fol-
lowed by a final 7-min extension at 720C
in the thermal controller (MJ Research).
Sequencing ofTrinucleotde
andTetranudeotde Repeats
Fragments to be sequenced were amplified
following the methods used for the ampli-
fication ofthe sequences in the screening
for mutations, but the final volume was
scaled up to 100 pl and a-32P-dCTP was
excluded. The second PCR was carried out
using 10 pl of the amplification product
from the first PCR reaction mixture as
template in a final reaction mixture of 100
pl for each of several reaction mixtures.
After the second PCR, reaction mixtures
from several tubes were combined and
electrophoresis was carried out on 3% aga-
rose (2% NuSieve GTG agarose and 1%
SeaKem LE agarose; FMC Bio Products,
Rockland, ME) gel using Tris-borate-
EDTA (TBE) buffer.
After staining DNA fragments with
ethidium bromide, bands to be sequenced
were cut from the agarose gel, and the
fragments were extracted using a QIAEX
gel extraction kit according to the QIAEX
DNA gel extraction protocol (DIAGEN,
GmbH; Hilden, Germany/QIAGEN,
Chatsworth, CA). Purified DNA frag-
ments were sequenced using the dsDNA
cycle sequencing system obtained from
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GIBCO BRL (Gaithersburg, MD) following
their protocol.
2-Dimensional GelElectrophoresis
DNA samples were extracted from cell
lines derived from three father-mother-
child trios. None of the parents had been
exposed to the A-bomb radiation. Experi-
mental conditions for the sample prepara-
tion and 2-DE, data collection and analysis,
and construction of a genomic DNA
library were carried out following the
methods described in our previous reports
(30,40,41). In short, genomic DNA was
digested with NotI and EcoRV and the
NotI-derived 5' protruding ends were
a-32P-labeled. These fragments were elec-
trophoretically separated in an agarose disc
gel, which was subsequently treated with
Hinfl in situ. The resulting fragments were
separated in a 5.25% polyacrylamide gel
(33 cm x 46 cm x 0.08 cm). Autoradio-
grams were obtained and digitized with a
Kodak charge-coupled device camera.
Software to detect and quantify DNA frag-
ments and software for the camera were
obtained from BioImage (AnnArbor, MI).
Results
Mutations atMiniatellite Loci
We examined Hinfl digests of DNA from
members of 50 exposed families and 50
control families (Table 1) for mutations by
probing with the five human minisatellite
probes and one mouse minisatellite probe,
Pc-1. The Pc-I probe can detect a mouse
locus identical to the Ms6-hm (42) and
cross-hybridize with a human minisatellite
locus. The loci that can be detected with
these probes are denoted as XTM-18,
ChdTC-15,pXg3, WMS-i, CEB-I, and Pc-i.
Because each probe detects a single locus
with multiple-length alleles and because
heterozygosities for these six loci range
between 70% (for Pc-i) and 97% (for
XMS-1 and CEB-1) (Table 2), each allele
in children can be traced back to one par-
ent. We compared the bands of the chil-
dren with those of their parents and
identified mutant bands when bands with
identical lengths were absent in both par-
ents. Whenever we detected the mutant
bands in children, we confirmed these
assignments by retesting these families
using DNA digested with AluI, which cuts
at positions outside the repeat-unit block
that are different from the Hinfl digestion
sites. To exclude the possibility that muta-
tions could have been generated during
establishment and proliferation ofthe cell
Table 2. Mutation rates and heterozygosities at six minisatellite loci.
Mutation rates
Locus Exposed gametes Unexposed gametes Heterozygosity (%)a
XTM-18 0/65 0/183 77
ChdTC-15 0/65 0/183 95
pkg3 1/65 (1.5%) 0/183 (0%) 92
XMS-l 1/65 (1.5%) 11/183(6%) 97
CEB-1 4/65(6.2%) 11/183(6%) 97
Pc-i 0/65 0/183 70
'Heterozygosity for each locus was determined by counting the number of heterozygotes among 200 unrelated
parents in the 100 families.
lines, we examined Hinfl digests of DNA
from granulocytes or lymphocytes from
members ofthese families. For all muta-
tions, we observed mutant bands identical
to those detected in the cell-line DNA of
the children, confirming that the muta-
tions almost certainly occurred in the germ
cells ofone parent.
The results ofthese studies are summa-
rized in Table 2. In screening 124 children
for mutations, we detected 1, 12, and 15
mutations at thepXg3, XMS-1, and CEB-I
loci, respectively. The mean mutation rate
(mutations/locus/gamete) in these min-
isatellite loci was 1.5% [6*+ (65x6)] in the
exposed gametes and 2.0% [22 *. (183x6)]
in the unexposed gametes. We observed no
significant difference in the mean mutation
rates for six minisatellite loci between the
exposed gametes and the unexposed
gametes (p=0.37, Fisher's exact probabil-
ity test). In our analysis, detectability of
mutations depends on the length ofbands
because gains or losses ofsmall numbers of
repeat units in large alleles is difficult to
detect. There was no significant difference
between the mean values ofthe lengths of
bands at each ofthe six loci derived from
the two groups ofparents (data not shown);
however, small deletions may have escaped
detection in these analyses.
Mutations atMicrosatellite Loci
In 124 children of the 100 families, we
determined the number of trinucleotide
repeats in the DM, FMR-i, and AR genes
that, when expanded, are known to be
responsible for DM, FRAXA, and SBMA,
respectively. The DMgene is on chromo-
some 19 and the FMR-I and the ARgenes
are on the X-chromosome. We also exam-
ined two types oftetranucleotide repeats in
the CSFRI gene that is identical with c-fins
on chromosome 5, which encodes the mac-
rophage colony stimulating factor 1 recep-
tor. We compared bands ofPCR-amplified
sequences that include trinucleotide or
tetranucleotide repeats from children with
those from their parents and identified
mutant bands when bands with identical
lengths were absent in both parents. When
we detected apparent mutant bands in the
children, we confirmed the assignments by
retesting the families using the second
aliquot ofthe samples separately stored and
examining samples ofDNA prepared from
granulocytes or lymphocytes that had not
been immortalized.
In the examinations of trinucleotide
repeats, we detected several children who
showed abnormal bands that were not
identical with any oftheir parental bands,
when DNA samples extracted from the cell
lines were examined. However, when DNA
samples from untransformed lymphocytes
or granulocytes were examined, the abnor-
mal bands were absent. Therefore, the
abnormal bands must have resulted from
mutations that occurred in the process of
transformation or in succeeding cultures,
or parental lymphocytes had been mosaic
and cells with one type ofalleles were selec-
tively amplified in the cell culture process.
Thus, we detected no mutations in the
trinucleotide repeats in the three genes
(Table 3).
The tetranucleotide repeat in intron
2 of the CSFIR gene was composed of
CCTT repeat and CTTT repeat. A
sequence including CCTT/CTTT repeat
was amplified by PCRand lengths ofprod-
ucts in single families were compared. Two
mutations that resulted in decreased band
length were detected. The first, detected in
a female child from Nagasaki, seemed to be
derived from her mother who had received
agonadal dose ofless than 0.01 Sv and had
been classified as an unexposed parent. The
second mutation, also detected in a female
Nagasaki child, originated from her mother
whose gonadal dose was again less than
0.01 Sv. Thus, the mutation rate was 1.1%
per gamete in the unexposed parents. We
detected two additional mutations that
resulted in an increased number ofTAGA
repeats in intron 6 in two children from
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Table3. Mutation rates atfive microsatellite loci.
Mutation rates
Locus Chromosome Repeating unit Exposed gametes Unexposed gametes
DM 19 CTG 0/65 0/183
FMR1 X CGG 0/56 0/130
AR X CAG 0/56 0/130
CSF1R 5 CCTT/CM 0/65 2/183 (1.1%)
CSFlR 5 TAGA 0/65 2/183 (1.1%)
Hiroshima families. We could not define
parental origins of these mutations, but
both were from unexposed families (Table
4). Thus, these were spontaneous muta-
tions, and the mutation rate at the TAGA
repeat locus was also 1.1% per gamete in
the unexposed parents. These four mutants
were also detected in DNA from untrans-
formed lymphocytes or granulocytes.
As shown in Table 3, we detected no
mutations in a total of307 alleles derived
from the exposed gametes and four muta-
tions in 809 alleles derived from the unex-
posed gametes. The mean mutation rates
in these five microsatellite loci were 0%
for the exposed gametes and 0.5% for the
unexposed gametes. Thus there was no
significant difference in the mean muta-
tion rate for the five microsatellite loci
between the children of the exposed and
the unexposed parents.
PreliminaryResultsObtainedby
2-Dimensional GelElectrophoresis
Bychoosing three restriction enzymes, NotI,
EcoRV and Hinfl, approximately 2,000
DNA fragments (0.3-2.0 kb) from a single
DNA sample were separated and visualized
as spots by autoradiography on a polyacryl-
amide sheet gel (Figure 1). After optimiza-
tion ofexperimental conditions, gel patterns
were of such quality that duplicate elec-
trophoretic patterns ofspots derived from a
single DNA sample were superimposable.
In principle, this system will detect two
types ofgenetic variations: variations due
to gain or loss of a cut site for the three
restriction enzymes used to digest DNA,
and variations due to I/D/R events.
The intensity ofany spot on the gel is,
in the usual case, expected to be deter-
mined by two homologous DNA frag-
ments; however, in a heterozygote with a
normal allele and a hereditary variant allele
or a mutant allele whose length is different
from that of the normal allele, only one
DNA fragment would be at the usual posi-
tion and the intensity ofthis spot should be
decreased by about one-half. The variant
or the mutant fragment may migrate to an
altered position on the gel as a new spot,
not enter the gel, or migrate off the gel.
Newspots may appear on the gel as a result
of change in a fragment that does not
normally appear on the gel. Some I/D/R
events could eliminate a second fragment.
We have analyzed DNA samples from
three mother-father-child trios. For each
sample, gels were prepared in duplicate
and autoradiograms were analyzed at the
University of Michigan Medical School.
Of approximately 2,000 spots on the
Table 4. Mutations in TAGA repeats in the CSF1R
genes.
Family Band Repeat
Family member Dose (Sv) length (bp) number
0114 Mother NIC 192/192 16/16
Son 192/196a 16/17a
Father 0 192/192 16/16
0373 Mother 0 192/192 16/16
Son 1 188/192 15/16
Son 2 192/196a 16/17a
Father NIC 188/192 15/16
NIC, not-in-city. aMutation.
autoradiogram, 774 spots were selected as
potential candidates because they were dis-
tinct, theywere not near the margins ofthe
gel, and theywere not one ofthe very large
spots on the gel. As a measure ofthe varia-
tion in the integrated density ofeach spot
(i.e., in spot intensity), we employed a
Figure 1. Digital image of the autoradiogram of a 2-DE gel. The fragment sizes in each dimension are indicated.
On the basis of published DNA sequences, the postion of many of the very intense spots matches the predicted
position of ribosomal DNAfragments or Epstein-Barrvirus fragments.
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coefficient ofvariation (CV), obtained by
dividing the square root of the unbiased
estimator ofthe variance by the mean spot
intensity for each set ofnine gels; we used
the average ofthe two intraset CVs as a sin-
gle measure ofspot reproducibility. Among
the 774 spots, 482 spots were selected
because the average CV for their intensities
for the 2 sets of9 gels was less than 0.12. In
a system in which the CV for intensities of
the spots is less than 0.12, a spot whose
intensity is 50% ofthe normal value should
be detectable. We have detected heterozy-
gotes with normal and deleted alleles using
this criterion in our previous screening for
enzyme deficiency variants (43) and in a
study to detect heterozygous carriers of a
deletion in the families of Duchenne mus-
cular dystrophy patients and of a hemo-
philia B patient (32). Thus, the 482 spots,
which include 43 spots showing genetic
polymorphisms, are suitable to detect
mutations; however, we detected no muta-
tions among the spots ofthree children of
the three trios. When we rely on these
spots, the number ofbase pairs that can be
screened on a gel from one individual will
be 2.5x 106 bp (=500x2,500bpx2),
where the average size of each spot is
estimated to be 2,500 bp.
Two polymorphic systems whose spots
are included in the 43 spots are shown in
Figure 2; each ofthe six digital images was
taken from a whole 2-DE gel image of
three members ofdifferent families. In the
digital image of Child 2 from Family 2,
two sets ofpolymorphic spots are observed.
In the first set, Child 2 has two spots
termed IA and IB; Father 2 and Mother 2
from Family 2, have spots corresponding
to spot lB and spot IA, respectively. The
intensity ofspot 1B ofFather 2 and that of
spot IA of Mother 2 is almost twice as
great as that ofspot 1B or spot 1A ofChild
2. Thus, Child 2 is heterozygous for spot
1B and spot 1A, Father 2 is homozygous
for spot IB, and Mother 2 is homozygous
for spot IA. In the second set, both Child
2 and Father 2 have two spots termed 2A
and 2B, whereas Mother 2 has a single spot
corresponding to spot 2B. The intensity of
spot 2B of Mother 2 is almost twice as
great as that of spot 2B of Child 2 or of
Father 2. Therefore, both Child 2 and
Father 2 are heterozygous for spot 2A and
spot 2B, whereas Mother 2 is homozygous
for spot 2B. Concerning the first polymor-
phic system in Family 1, Father 1, Child 1,
and Mother 1 are homozygous for spot 1B.
For the second system, both Father 1 and
Mother 1 are heterozygous for spot 2A and
spot 2B, whereas Child 1 is homozygous
for spot 2B.
Discussion
We examined frequencies of germline
mutations at six minisatellite loci in the
exposed and the control families. The mean
mutation rate in these loci was 1.5% in the
exposed gametes and 2.0% in the unex-
posed gametes. The observed mean muta-
tion rates are similar to the spontaneous
mutation rate of 1.2% (48/4099) observed
for six minisatellite loci, AMS-1, XMS-31,
pXg3, XMS-43, XMS-8, and XMS-32, in
40 families from the Centre d'Etude du
Polymorphisme Humain panel comprising
344 offspring (18,44) and the mean muta-
tion rate of 1.2% (55/4611) observed for
five minisatellite loci, XMS-1, XMS-31,
pXg3, XMS-43, and YNH24, in Caucasian
families (45,46).
We found that all 15 mutations in the
CEB-1 locus were of paternal origin.
Vergnaud et al. (36) reported an identical
result. In the examinations of the pXg3
locus, only one mutation that occurred in
an exposed father was detected in a son
who also showed a mutation in the CEB-1.
The bias toward the paternal origin ofthe
mutation at the CEB-1 locus may reflect
the large number of cell divisions during
spermatogenesis compared with oocyte
formation, which makes the frequency of
accumulated replication errors in male germ
lines higher than that in female germ lines
and suggests the involvement of mitotic
events in the generation ofmutations.
Among 12 mutants detected at the
XMS-1 locus, 3 were of maternal origin
and 9 were ofpaternal origin. However, no
significant differences were seen between
the mutation rates at the XMS-1 locus of
male and female germ cells (p = 0.07,
Fisher's exact probability test). Jeffreys et
al. (18) reported that paternal and mater-
nal mutation rates were similar (5.5% and
4.9% per gamete, respectively) at the
XMS-1 locus, and suggested that the germ-
line mutations at the XMS-1 might arise
during meiosis. Origins ofmutations at the
CEB-I and XMS-1 loci may be different.
Mutations originating from replication
errors, such as those at the CEB-1 locus, may
be less sensitive to radiation exposure com-
pared with those occurring at the XMS-1
locus, which are not related to replication
errors. A distinct minisatellite locus might
respond differently to radiation.
In this pilot study, we examined the
children offamilies in which primarily one
parent was exposed or in which neither par-
ent was exposed (control families). How-
ever, for loci with high heterozygosity where
parental origins of mutated alleles in the
*: l
.; :: ..
... :.....
... ; .:.........
Figure 2. Digital images from six individuals who are members of two families. Each image is part of a whole
autoradiogram of the 2-DE gel for each of the six individuals. Father 1, Child 1, and Mother 1 are members of
Family 1. Father 2, Child 2, and Mother 2 are members of Family 2. Spots 1A and 1B are components of one poly-
morphic system and Spots 2A and 2B are components of the other polymorphic system. Black arrows indicate
spots that exist on gels. White arrows show where spots would appear if they were present. Spot 3 is not
described in this report.
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children can be easily deduced, examining
the children ofthe control group is unnec-
essary. Using this strategy, the numbers of
gametes derived from the exposed mothers
and the exposed fathers must be the same
in order to have an equal number ofunex-
posed controls for both ofthem, a criterion
that is fulfilled in our exposed families. By
excluding the control group, efficiency of
the screening increases. In addition, in a
child carrying one exposed allele and one
unexposed allele, the background (genetic
and environmental) effects are identical on
both alleles, which is preferable.
We estimated the numerical require-
ment to demonstrate a significant differ-
ence between the mutation rates at the
minisatellite loci of the exposed and the
unexposed germ cells employing standard
power function statistics (a type I error of
0.05 and a type II error of 0.2). Because
the most probable human gametic dou-
bling dose for acute radiation exposure has
been estimated to be between 1.7 and 2.2
Sv (5) and the mean gonadal dose for the
65 exposed gametes was 1.9 Sv, we assume
that they had received the estimated dou-
bling dose. For a locus with a spontaneous
mutation rate of 0.02 per gamete, the
mean mutation rate of the six loci exam-
ined in this study, we calculated that we
would need to survey two samples (exposed
and unexposed) of 1,188 germ cells each
to observe a significant difference at the
0.05 level ofsignificance. By examining the
64 children from the exposed families at
six loci, we have already examined a total
of 390 exposed alleles and 378 unexposed
alleles in this study. Thus, in these chil-
dren we have to examine an additional
13 minisatellite loci having a mutation
rate of0.02/gamete/locus.
There are a few published reports con-
cerning radiosensitivity ofmouse minisatel-
lite loci. Sadamoto et al. (47) reported that
an increase in the mouse paternal germline
mutation rate at the Pc-i locus was statisti-
cally significant for irradiation with 3-Gy
y rays at the spermatid stage but not at the
spermatogonial stage. They confirmed the
results with a larger number of offspring
(48). On the other hand, Dubrova et al.
(49) reported that an increase in the mouse
paternal germline mutation rate in DNA
fingerprints induced by 0.5 Gy y irradiation
to which the increase in the mutation rate at
the Pc-i locus is believed to contribute was
statistically significant at the spermatogonial
stage but that induced by 1.0 Gy irradiation
was not significant. Results based on mouse
data are not consistent with regard to the
doubling dose and radiation-sensitive stage,
and further study is necessary to provide
suitable data for humans.
In the examination of the microsatel-
lites, we compared the lengths of the
PCR-amplified fragments including trinu-
cleotide or tetranucleotide repeats in single
families. When we sequenced fragments
with CCTT/CTTT repeats from more
than 30 individuals, we discovered that
repeat numbers ofCCTT and CTTT var-
ied among individuals who nevertheless
had identical total lengths of their frag-
ments. Our present screening method to
examine the total number of repeats can-
not detect differences in numbers of these
two types ofrepeats. We have established a
method to determine each of these two
types of repeats independently, and their
repeat numbers are being examined.
Recently, hereditary nonpolyposis col-
orectal cancer (HNPCC) and some other
colon cancer cells were observed to have
an abnormality called microsatellite insta-
bility in which mutations occur at several
microsatellite loci on different chromo-
somes (50,51). HNPCC can be caused by
germline mutations ofthe mismatch repair
genes (52-54). In each of the mutations
we detected, however, the mutation had
occurred at only one microsatellite locus.
Thus, these mutations do not seem to be
caused by an abnormality in the mismatch
repair genes.
For characterization of mutant frag-
ments that will be detected by 2-DE in the
future, we have constructed a genomic
DNA library prepared from DNA frag-
ments digested with NotI and EcoRV. We
have also developed a method that permits
target cloning of DNA spots obtained
from the 2-DE gels. By using the cloned
DNA spots as probes in the screening
of the DNA library and Southern blot
analysis ofthe 2-DE gels, we have isolated
and characterized DNA fragments that
represent new hereditary polymorphic
variants detected in the 2-DE gels.
Asakawa et al. (40) reported an example in
which there was a Hinfl site sequence
(-AGGAGTCGGG-) in the smaller frag-
ment, but the larger fragment that did not
have this site was characterized by the
sequence (-AGGAGTTGGG-).
The mutational yield in the 2-DE
study can be calculated only approxi-
mately. Ifwe assume that the spontaneous
mutation rate is 1 x 10-5/fragment/genera-
tion (30), we would then expect one muta-
tion per 100 gels from control children
(500 diploid fragments scored per gel).
This calculation is based on having 500
good spots from the 2,000 derived from
the NotIlEcoRV fragments of 1 to 5 kb
separated in the first dimension elec-
trophoresis. Considering this assumed
mutation rate, it is not surprising that we
detected no mutations in the spots from
the three children examined in this prelim-
inary study using the 2-DE technique. We
are now making an effort to develop a
2-DE pattern from the 5- to 20-kb NotI/
EcoRV fragments, which will visualize a
new 2,000 spots.
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